Platelets express a variety of membrane and secreted glycoproteins, but the importance of glycosylation to platelet functions is poorly understood. To explore the importance of O-glycosylation, we generated mice with a targeted deletion of Cosmc in murine endothelial/hematopoietic cells (EHC) (EHC Cosmc −/y ). X-linked Cosmc encodes an essential chaperone that regulates protein O-glycosylation. This targeted mutation resulted in lethal perinatal hemorrhage in the majority of mice, and the surviving mice displayed severely prolonged tail-bleeding times and macrothrombocytopenia. EHC Cosmc −/y platelets exhibited a marked decrease in GPIb-IX-V function and agonist-mediated integrin αIIbβ3 activation, associated with loss of interactions with von Willebrand factor and fibrinogen, respectively. Significantly, three O-glycosylated glycoproteins, GPIbα, αIIb, and GPVI normally on platelet surfaces that play essential roles in platelet functions, were partially proteolyzed in EHC Cosmc −/y platelets. These results demonstrate that extended O-glycans are required for normal biogenesis of the platelets as well as the expression and functions of their essential glycoproteins, and that variations in O-glycosylation may contribute to altered hemostasis.
platelet glycoproteins | T-synthase | Tn antigen P latelets play a pivotal role in hemostasis by promoting clot formation at sites of vascular injury. Platelets rapidly adhere to exposed subendothelial matrices (primary platelet adhesion) and to one another (platelet aggregation), forming the primary hemostatic plug. Glycoproteins on the platelet surface, especially glycoprotein GPIb-IX-V complex and integrin αIIbβ3 (GPIIbIIIa), mediate these adhesive events by their interactions with extracellular glycoproteins, including von Willebrand factor (VWF) and fibrinogen, respectively. Although the functions of platelet surface glycoproteins are well known, the roles of posttranslational modifications of platelet glycoproteins, such as O-glycosylation, are poorly understood (1) . Most studies focus on recombinant glycoproteins expressed in heterologous cell lines (2) (3) (4) , and few studies have explored the roles of platelet glycoprotein O-glycosylation in vivo. In addition, altered glycoprotein expression or glycosylation may contribute to some types of platelet disorders associated with thrombocytopenia and giant platelets (5) , thus highlighting the importance of a molecular understanding of the roles of platelet glycans in physiological processes.
Glycoprotein O-glycans in all cells are extended by the key Golgi glycosyltransferase T-synthase (core 1 β3galactosyltransferase) that adds galactose to GalNAcα1-Ser/Thr (Tn antigen) to generate the core 1 O-glycan, Galβ1-3GalNAcα1-Ser/Thr, also known as the T antigen (6) . Formation of active T-synthase dimers is unique in that it requires Cosmc (7, 8) , an essential and specific molecular chaperone in the endoplasmic reticulum (6, 9) encoded by X-linked Cosmc. In cells lacking Cosmc, the active T-synthase is not expressed, the Tn antigen cannot be extended, and cells express the uncommon Tn antigen (10) . Individuals with Tn syndrome, who have an acquired hematopoietic mutation in the X-linked Cosmc, demonstrate mosaicism in expression of the Tn antigen in a subpopulation of blood cells of all lineages (6, 7, 11) and can develop thrombocytopenia and anemia in association with altered platelet glycosylation (12) . We recently reported that deletion of Cosmc in mice causes embryonic death at ∼embryonic day (E) 12.5 that is associated with hemorrhaging, similar to that observed for deletion of the T-synthase (10), a phenotype that could be a defect in either endothelial or hematopoietic lineages.
To explore the roles of O-glycans in platelet function, we generated mice lacking Cosmc in endothelial/hematopoietic cells (EHC) through Tie2-Cre recombinase-targeted deletion. The remarkable changes in platelet formation and function revealed by altering O-glycosylation pathways provide fresh insights into the roles of O-glycans in platelet glycoprotein stability and function (Fig. S1 ). ) female and Tie2-Cre transgenic male mice, where Cre recombinase is primarily expressed in EHCs (13) . A high incidence (∼90%) of perinatal or postnatal lethality (<3 wk) was observed in EHC Cosmc −/y mice. Autopsy revealed gross hemorrhage within the body cavities as the predominant cause of death, and hemorrhage was clearly observed in EHC Cosmc −/y mouse embryos as early as E15.5 (Fig. 1A) . The few surviving mice demonstrated growth retardation and hepatosplenomegaly. Even among these few survivors, the primary cause of death after 3-5 mo was pulmonary or gastrointestinal hemorrhage. We examined whether survival within these few mice might be because of expression of trace amounts of the Cosmc transcript. Consistent with this possibility, a trace amount of Cosmc transcript was observed in platelets from EHC Cosmc −/y mice (Fig.  1B) . Levels of Cosmc transcript were unaffected in other tissues, indicating efficient and specific deletion of Cosmc in EHCs. However, the trace amount of transcript from surviving EHC Cosmc −/y mice is likely to be responsible for their brief survival, a fortuitous outcome allowing us to explore specific functions of O-glycans in platelets.
Results

Disruption of
Platelets from EHC Cosmc −/y mice lacked T-synthase activity compared with wild-type (Cosmc +/y ) and EHC Cosmc +/− (Fig.  1C) , whereas activity of control enzymes in the Golgi apparatus, such as α-mannosidase-II, was not affected (Fig. 1D) . Loss of Tsynthase activity correlated with expression of the Tn antigen on the surface of the majority of platelets from EHC Cosmc −/y mice (Fig. 1E) . When platelets were analyzed by Western blot with biotin labeled anti-Tn mAb, only extracts of platelets from the EHC Cosmc −/y mice were stained and several major Tn(+) Oglycoproteins were observed (Fig. 1F) .
Lethal Perinatal Hemorrhage and Macrothrombocytopenia. An unexpected observation was that surviving EHC Cosmc −/y mice exhibited excessive bleeding when tails were snipped for genotyping and blood sampling. Bleeding times in EHC Cosmc −/y mice were prolonged compared with wild-type ( Fig. 2A) and Fig. 2C (C-1 and C-2) and Table S1 ]. Electron microscopy further confirmed these profound differences in morphology, showing that Cosmc −/y platelets lacked a normal discoid shape and were at least twice the diameter of wild-type platelets [ Fig. 2C (C-3 and C-4)].
Decreased Expression of GPIbα GPIb-IX-V is the primary platelet receptor for VWF, and deficient expression of this receptor complex is the cause of the major bleeding diathesis Bernard-Soulier syndrome (BSS) (14) . Unexpectedly, EHC Cosmc −/y platelets showed significantly lower expression of surface GPIbα compared with platelets from wild-type mice (Fig. 3A) . Examination of GPIbα in EHC Cosmc −/y platelet extracts revealed a major loss of full-length GPIbα, and residual GPIbα fragments in both reduced and nonreduced conditions, with prominent fragments of ∼45 and ∼21 kDa, and a minor fragment of 40 kDa being present in EHC Cosmc −/y extracts (Fig. 3B) . The size of the peptide fragments in comparison with the intact GPIbα polypeptide (∼100 kDa) is consistent with proteolysis as the cause of this mobility change, as opposed to altered glycosylation of an intact GPIbα. The residual amount of full-length GPIbα migrated at ∼120 kDa, corresponding to one of the Tn(+) bands with ∼120 kDa (Fig. 1F) , and the ∼21-kDa and ∼40-kDa fragments of GPIbα also corresponded the Tn (+) bands, respectively seen in Fig. 1F . Interestingly, the major ∼45-kDa GPIbα fragment from EHC Cosmc −/y platelet extracts was not stained by anti-Tn antibody (Figs. 1F and 3B), suggesting that this fragment comprising a portion of GPIbα containing a large portion of the extracellular domain of GPIbα with Tn antigens might be shed into the plasma. Because of the loss of expression of intact GPIbα, and considering its role as the primary platelet VWF receptor, we directly assessed the interaction of EHC Cosmc −/y platelets with VWF. We observed reduced binding of VWF to EHC Cosmc −/y platelets in both flow cytometry (Fig.  3C ) and in plate-based assays (Fig. 3D) , in the presence of botrocetin, a snake venom protein that enhances GPIbα affinity for VWF. Thus, loss of expression of intact GPIbα is associated with a loss of functional binding of platelets to VWF.
EHC Cosmc
−/y Platelets Are Defective in Activation. We also examined whether the platelets from EHC Cosmc −/y mice could be activated by the agonist thrombin. After stimulation through the protease activated receptor (PAR-1) pathway, activated platelets normally spread and release P-selectin on the cell surface, and convert integrin αIIbβ3 (GPIIb/IIIa) into its active form (conformation) (15) . Scanning electron microscopy (SEM) revealed that wild-type platelets display peripheral flattening, lamellipodia, and filopodia extensions on fibrinogen, whereas EHC Cosmc −/y platelets were rounded with few filopodia and greatly reduced spreading (Fig. 4A) . As platelet adhesion and spreading on fibrinogen is primarily dependent on the platelet integrin αIIbβ3, we examined expression of αIIbβ3 activation and P-selectin expression on platelets from wild-type and EHC Cosmc −/y mice. Consistent with the absence of platelet spreading in EHC Cosmc −/y platelets, integrin αIIbβ3 activation, as detected by the activation-dependent JON/A antibody, was impaired in thrombin-stimulated EHC Cosmc −/y platelets ( Fig. 4B ), whereas surface expression of integrin αIIb was unchanged (Fig. 1E ). There was also no significant increase in surface expression of P-selectin in EHC Cosmc −/y platelets compared with wild-type at either thrombin concentration (0.05 or 0.1 U/mL) (Fig. 4C ). These results demonstrate that EHC Cosmc −/y platelets have a defect in thrombin-induced activation of key platelet glycoproteins. Unexpectedly, we also observed that GPIIb from EHC Cosmc −/y platelets exhibited a marked reduction in apparent molecular weight compared with GPIIb from wild-type platelets, although there was no apparent size difference in GPIIIa from either platelet source (Fig. 4D ). These results indicate that expression of full-length GPIIb is defective in EHC Cosmc −/y platelets, and associated with apparent proteolysis of GPIIb. We also analyzed whether a major collagen receptor glycoprotein VI (GPVI) (16) is altered in expression. Western blot analysis showed GPVI from EHC Cosmc −/y platelets also exhibited a marked reduction in apparent molecular weight compared with GPVI (M r ∼62 kDa) in wild-type platelets (Fig. 4E) . In control studies, we performed RT-PCR to explore expression of these and other platelet proteins and glycoproteins in wild-type versus EHC Cosmc −/y platelets. The transcript levels of GPIbα, GPIIb, GPIIIa, P-selectin, and other platelet markers were similar to wild-type platelets ( Fig. S2 and Table S2 ). These results demonstrate that although loss of Cosmc in platelets results in loss-of-function, but not change in expression, of GPIbα, GPIIb, GPIIIa, and P-selectin, either because of proteolysis or loss of surface expression arising from loss of normal O-glycan extensions.
GPIIb and GPVI Are O-Glycoproteins. The proteolysis observed for glycoproteins GPIIb and GPVI in EHC Cosmc −/y platelets suggested that these glycoproteins might contain O-glycosylated glycoproteins. To further explore this possibility, we immunoprecipitated GPIIbα (complex) in wild-type platelet lysates using a specific anti-GPIIb antibody; the immunoprecipitated material was blotted with peanut agglutinin (PNA) from Arachis hypogaea before and after neuraminidase. PNA specifically recognizes and binds to terminal Gal-GalNAc disaccharide within either core 1 or core 2 O-glycans on glycoproteins (10). PNA stained a major O-glycoprotein migrating at ∼120 kDa in the anti-GPIIb pulldown material only after desialylation, indicating that this glycoprotein carried sialylated core 1 or core 2 O-glycans (Fig.  S3A) . Upon stripping and reblotting with anti-GPIIb mAb, we observed that GPIIb shifted to a slightly lower molecular weight because of desialylation; the migration of desialylated GPIIb was similar to the glycoprotein band recognized by PNA, confirming that GPIIbα contains O-glycans (Fig. S3A) .
For GPVI, both EHC Cosmc +/y and EHC Cosmc −/y platelets were immunoprecipitated with anti-GPVI antibody and then blotted with Helix pomatia agglutinin (HPA), a lectin that specifically recognizes terminal α-GalNAc, such as Tn antigen, on glycoproteins (10). HPA(+) protein bands were seen in EHC Cosmc −/y samples,
, indicating GPVI carried the truncated Oglycan Tn antigen (Fig. S3B, Upper) . The Western blot of this material with anti-GPVI antibody confirmed the ∼50 kDa HPA(+) band was GPVI (Fig. S3B, Lower) , demonstrating that GPVI contains O-glycans. Taken together, these results demonstrate that both GPIIb and GPVI are O-glycosylated glycoproteins.
Discussion
Our results indicate an essential role for Cosmc, and thus the extensions of O-glycans, in the expression and function of the primary platelet adhesive proteins GPIb-IX-V, GPVI, and integrin αIIbβ3. The platelet GPIb-IX-V complex is the key platelet receptor for VWF (17) (18) (19) . Human platelet GPIbα has abundant Oglycans, including sialylated versions of core 1 and core 2 O-glycans (20, 21) , and a majority of sialic acid on the platelet surface appears to be associated with GPIbα (22) . Although the O-glycan structures in murine GPIbα are unknown, there are 73 potential glycosylation ) show images of platelets (arrows) from blood smears stained by Wright-Giemsa (C-1 and C-2), or viewed by transmission electron microscopy (C-3 and C-4). (25), who generated a mouse line with a point mutation T961A in T-synthase (C1GALT1) cDNA using N-ethyl-N-nitrosourea mutagenesis. The mutation resulted in Y321N change in the protein leading to severe loss of enzymatic activity. Although the mutated mice were viable, they exhibited thrombocytopenia, but had no bleeding phenotype. The phenotypic differences between the T-synthase mutant mice and EHC Cosmc −/y mice are most likely because of the near quantitative loss of T-synthase activity in EHC Cosmc −/y platelets in comparison with the 5-10% residual T-synthase activity in Tsynthase mutant mice. In contrast to EHC Cosmc −/y mouse platelets, the majority of GPIbα from the platelets in T-synthase mutant mice were intact, with only limited Tn antigen expression, and thus demonstrate that 5∼10% of T-synthase activity is sufficient for platelet glycoprotein function. This possibility is also consistent with the observation that disruption of T-synthase in mouse EHCs (EHC T-syn
) caused a similar phenotype of perinatal death and hemorrhage as for EHC Cosmc −/y mice (10, 26) . A particularly unique aspect of our findings is that EHC Cosmc −/y platelets do not have significantly altered expression of integrin αIIbβ3 (GPIIb/IIIa) on the surface (Fig. 1E) , but exhibit proteolytic fragments of αIIb (Fig. 4D) . GPIIb/IIIa, the key platelet glycoproteins in EHC Cosmc −/y platelets are not activated by thrombin, with the resulting consequence of reduced expression of surface Pselectin and reduced binding to fibrinogen. Moreover, the collagen receptor GPVI is also partly degraded. Such results suggest that Oglycan elongation is critical to the function of αIIbβ3 and GPVI. Indeed, our results (Fig. S3) demonstrate that both murine αIIb and GPVI are modified with O-glycans. Interestingly, the whole blood of EHC Cosmc -/y platelet extracts with anti-Tn mAb did not detect the protein bands corresponding to either αIIb or GPVI, which is probably because of the fact that the anti-Tn mAb used in this study has a restricted specificity for two adjacent Tn antigens in glycoproteins (27) , as is often seen in mucins and GPIbα. The low abundance of GPVI in the EHC Cosmc −/y platelet extracts could also be a problem for detection by the anti-Tn antibody. At present there are no glycosylation studies on either murine αIIbβ3 or GPVI. Although the detailed N-and O-glycan structures of human αIIbβ3 are unknown, prior studies on biosynthesis of αIIbβ3 in human HEL cells explored modifications such as N-glycans, but did not report the presence of O-glycans (28) . However, human αIIb appears to contain at least one O-glycan important for expression of the Baka (HPA-3a) alloantigen (29, 30) . The functions of O-glycans on αIIbβ3 are unknown, but our results suggest that complex O-glycan structures beyond the Tn antigen are required for conformation/ proteolytic stability of αIIb and its movement to the cell surface and activation. Further studies are needed to define potential sites of Oglycosylation on αIIb and the effect of decreased O-glycan expression on association with β3 and subsequent activation at the plasma membrane. Potentially, changes in thrombin signaling could also account for some of the defects observed in EHC Cosmc −/y platelets. In this regard, it should be noted that GPIbα has a high affinity binding site for α-thrombin and accounts for most of the total α-thrombin that can bind to platelets (31), resulting in induced (B and C) In the absence of Cosmc, thrombin fails to stimulate activated αIIbβ3 measured by JON/A antibody (B) and P-selectin expression on the surface of platelets (C). Comparing resting to thrombin-stimulated platelets, *P = 0.0388, **P = 0.0219 (B), *P = 0.0102, **P = 0.00037 (C), NS, not significant as noted in graph (*, unequal variance; NS and **, equal variance). platelet adhesion and spreading, secretion, and aggregation (32) . Thus, a deficiency in thrombin signaling could occur as a result of defective GPIbα expression. Alternatively, there could be changes in the thrombin receptor activities of multiple signaling pathways (33) . The changes in thrombin-mediated effects in EHC Cosmc −/y platelets are subjects of future studies. Interestingly, although several important glycoproteins, including GPIbα, GPVI, and integrin αIIbβ3 from EHC Cosmc −/y platelets are partly proteolyzed into smaller fragments because of aberrant O-glycosylation, other glycoproteins carrying Tn antigen are still high molecular weight migrating >100 kDa (Fig. 1F) . Although the identity of these O-glycosylated glycoproteins in murine platelets awaits identification in future studies, it is possible that the ∼120-kDa Tn(+) band is intact GPIbα from EHC Cosmc −/y platelets (Fig.  3B, Reducing) , but the >250-kDa Tn(+) band could be VWF. This finding further indicates that the under O-glycosylated glycoproteins are highly susceptible to some unknown proteases, and the role of O-glycans on glycoproteins does not merely play a role in the stability of the glycoproteins. The identification of all O-glycosylated glycoproteins and the O-glycosylation sites on those O-glycoproteins in platelets will aid us in understanding the roles of glycosylation in platelet biology, and will be investigated using proteomics approaches in future studies.
Our results using Cosmc-disrupted mice, which express truncated O-glycans, resemble individuals with either of two major platelet disorders, BSS and Glanzmann thrombasthenia (GT). BSS is a rare, severe thrombopathy caused by mutations resulting in loss of GPIb-IX-V complex on platelet surfaces, and typically arises from heritable mutations in genes encoding either GPIbα or GPIbβ (34) manifesting as thrombocytopenia, loss of platelet adhesion, and megathrombocytes (24) . Early studies using radiolabeling of surface glycans in platelets suggested that platelets from BSS patients had reduced expression of surface GPIbα and potentially altered glycosylation (35) . GT arises from a lack of platelet aggregation and spreading after activation because of defective expression of the integrin αIIbβ3, arising from heritable mutations in genes encoding either αIIb or β3 (33) . Although a number of studies have examined the roles of N-linked glycans in platelet glycoprotein function, our study is unique in providing fresh insights into the physiological roles of O-glycosylation in platelet biogenesis and function. The Cosmc-null mice produce platelets that resemble a combination of both BSS and GT and will help to define the roles of O-glycans in the formation and function of platelet GPIb-IX-V complex and αIIbβ3, and may contribute insights into rare disorders of platelet function associated with thrombocytopenia and giant platelets.
It is noteworthy that in complementary experiments, we attempted to delete Cosmc specifically in megakaryocytes, taking advantage of Pf4-cre transgenic male mice, in which the expression of Cre recombinase is under control of Pf4 (platelet factor 4). Pf4-cre transgenic mice express a codon-improved Cre recombinase (iCre) controlled by mouse Pf4, or Cxcl4, promoter. Cre recombinase is expressed in a majority of terminally differentiated megakaryocytes (36) . This strategy was successful for studying roles of several proteins in megakaryocyte differentiation and platelet function (37). Although we successfully generated mice with the genotype Cosmc flox/y -Cre pf4/+ (Fig. S4A) (37, 38) , the Cosmc in these mice were unaffected. Examination of T-synthase levels showed similar levels of T-synthase in platelets from Cosmc flox/y -Cre pf4/+ mice compared with wild-type and only a moderate decrease in Cosmc transcript in the platelets isolated from Cosmc flox/y -Cre pf4/+ mice ( Fig. S4 B and  C) . Thus, Cosmc transcripts and consequently T-synthase levels remain relatively normal because of the late expression of Pf4 controlled Cre recombinase in megakaryocytes and the long half-life of Cosmc transcript or Cosmc/T-synthase proteins in platelets and megakaryocytes.
Tn syndrome, characterized by the expression of Tn antigen on a subpopulation of blood cells of all lineages (6) , is caused by somatic mutation of Cosmc in hematopoietic stem cells and in some patients is accompanied by a mild bleeding diathesis. In some ways, the EHC Cosmc −/y mice partly represent Tn syndrome, although no evidence shows that endothelial cells are involved in Tn syndrome, and fewer hematopoietic cells, ranging from 20∼80%, are affected in different patients (11) . Thrombocytopenia and bleeding disorder in some patients with Tn syndrome may arise from dysfunction of key platelet glycoproteins, and the megathrombocytopenia in EHC Cosmc −/y mice greatly resembles the clinical symptoms of Tn syndrome. Our results also suggest the potential of pharmacologic intervention to inhibit O-glycosylation as a potential antiplatelet and antithrombotic target. Advantages over other modalities may include potential long-lasting effect due to effects on structural moieties and mild affects on multiple critical adhesion pathways.
Materials and Methods
Generation of EHC Cosmc
−/y Mice. Cosmc flox/flox female mice were crossed with Tie2Cre Tg mice [Tg (Tek-cre) 1Ywa] male mice (13, 39) . Because Cosmc is X-linked, male mice carrying Tie2 + Cre will have complete deletion in the affected tissues. EHC Cosmc −/y mice were of mixed genetic background (129SvEv/TAC and C57BL/6J). Animal studies were performed according to the approved Institutional Animal Care and Use Committee protocol of Emory University. Wild-type and floxed Cosmc Tie2Cre alleles were identified by PCR. See Table S3 for PCR primers for mouse genotyping.
Preparation of Murine Washed Platelets. Mice were killed with 100% CO 2 . Whole blood was obtained by cardiac puncture and washed platelets were isolated as previously described (40, 41).
Hematology. Blood was collected by retroorbital bleeding of isofluraneanesthetized mice into EDTA-containing polypropylene microtubes (Becton Dickinson). Complete blood count was carried out with HESKA CBC-Diff Veterinary Hematology System and platelet counts were confirmed by microscopy and hemacytometry. Blood smears were analyzed by microscopy (1 × 51S8F-3; Olympus) using SPOT software (Olympus) with Wright-Giemsa stain (Electron Microscopy Sciences).
Bleeding Times. Mice were intraperitoneally injected with avertin (0.4 mg/g) to induce general anesthesia. Next, 0.5 cm of the distal tail was briskly cut and the tail was immediately transferred to 37°C saline. The time point that the bleeding stopped was recorded as bleeding time; tails were cauterized when bleeding times >10 min.
Flow Cytometry. Binding of VWF to EHC Cosmc +/y and EHC Cosmc −/y platelets was analyzed as previously described (42, 43) . To analyze platelet activation under stimulation by different concentrations of bovine thrombin, murine platelets were washed as above. Washed platelets were resuspended at 10 7 / mL in Tyrode's buffer containing 2 mM CaCl 2 . Platelets were unstimulated or stimulated with thrombin (0.05 U/mL, 0.1 U/mL; Haematological Technologies). Platelets were stimulated for 5 min with the indicated agonist followed by addition of the indicated antibody for 2 min: FITC-labeled antimouse CD62P (P-selectin), PE-labeled JON/A (Emfret Analytics), FITC-labeled anti-Tn, and APC-labeled anti-CD41 antibody (eBioscience). Following incubation, platelets were immediately fixed in 1% PFA, diluted, and analyzed on a Becton Dickinson FACscan as previously described (44) . Platelets were gated by light scatter and expression of CD41.
Platelet Spreading on VWF or Fibrinogen. Platelet spreading on immobilized VWF or fibrinogen after stimulation with botrocetin and bovine thrombin was performed as previously described (45) using fluorescein-labeled phalloidin (Invitrogen) (46) . Additional information on flow cytometry and platelet spreading is presented in SI Materials and Methods.
Immunoprecipitation and Immunoblotting. Immunoprecipitation was performed as previously described (47, 48) . Briefly, 1 × 10 8 washed platelets were surface-labeled with EZ-Link sulfo-NHS-LC-biotin (Pierce; 100 μg/mL in PBS) and subsequently solubilized in 1 mL of lysis buffer (25 mM Tris·HCl buffer pH 7.5) containing 150 mM NaCl and proteinase inhibitor mixture (Roche Molecular Biochemicals). Cell debris was removed by centrifugation (15,000 × g, 10 min). Two micrograms of mAb MWReg 30 (BD Pharmingen) to GpIIb or 2 μg of mAb to GpVI (rat anti-mouse mAb; Emfret Analytics), was added together with 50 μL of Dynabeads protein G-Sepharose (Invitrogen), and precipitated overnight at 4°C. Samples were separated by 4-20% gradient SDS/PAGE along with molecular weight markers and transferred to nitrocellulose membrane. The membrane was incubated with streptavidin/ horseradish peroxidase (1 μg/mL) for 1 h after blocking. After extensive washing, biotinylated proteins were visualized by SuperSignal WestPico Chemiluminescent substrate (Thermo Scientific). For immunoblotting, platelets were not surface-labeled. Washed platelets (1 × 10 7 /mL) were resuspended in lysis buffer and extracts were obtained by adding 0.5% Triton X-100 to platelet supernatant and solubilizing on ice for 30 min. After lysis, whole-platelet extract was analyzed by SDS/PAGE and transferred to nitrocellulose membranes. Western blotting with biotin labeled anti-Tn, and antiGPIbα anti-GPIIIa antibodies (Emfret Analytics), was performed as previously described (8) .
Enzyme Assays. T-synthase and α-mannosidase activity from murine washed platelet extracts were measured using the acceptor GalNAc1α-(4-MU) and mannoside1α-(4-MU), respectively, as previously described (49).
Statistical Analysis. For P value determination, a two-sample independent t test was used (95% confidence interval). To determine equal or unequal variance, F statistics were applied and variance is noted for each P value. ), Cosmc flox/flox female mice were crossed with male C57BL/6-Tg (Pf4-cre) Q3Rsko/J, http://jaxmice.jax.org/strain/ 008535.html. Pf4-cre transgenic mice express a codon-improved Cre recombinase under the control of the mouse Pf4 (platelet factor 4), or Cxcl4, promoter. Cre recombinase expression is detected in the majority of megakaryocytes. Pf4-cre alleles were identified using PCR with specific primers (Table S3) .
Supporting Information
RT-PCR and PCR. The mRNA from platelets was isolated using FastTrack MAG mRNA Isolation Kit (Invitrogen), RT-PCR was performed with 5 ng of mRNA as template with a SuperScriptTM First-strand Synthesis System for RT-PCR (Invitrogen) according to the manufacturer's protocol. PCR was carried out with Phusion High-Fidelity PCR kit (New England Biolabs) in a 25-μL reaction. For cDNA of Cosmc, GPIbα, GPIIb, GPV, GATA-1, P-selectin, c-mpl, Pf4, VWF, and β-Actin, PCR was performed with primers (Table S2) , and the PCR products were analyzed on a 1.5% (wt/vol) Tris·acetate EDTA agarose gel. platelets was analyzed as previously described (1, 2) . Briefly, washed EHC Cosmc +/y and Cosmc −/y platelets (1.0 × 10 7 /mL) in modified Tyrodes buffer were incubated with purified VWF (20 μg/ mL; Stago) and botrocetin (1.0 μg /mL; Centerchem) at 22°C for 30 min. After washing once, the platelets were incubated with 10 μg/mL FITC-labeled anti-VWF antibody (SZ-29, a kind gift from Changgeng Ruan, Jiangsu Institute of Hematology, Soochow University, Suzhou, Jiangsu, China) at 22°C for 30 min, fixed with 1% paraformaldehyde (PFA), and analyzed by flow cytometry (Becton Dickinson FACScan). As negative controls, platelets were incubated with botrocetin in the absence of VWF. GPIbα expression on the platelet surface was evaluated using standard methods with FITC-conjugated rat anti-mouse GpIbα antibody (Emfret Analytics). For flow cytometry experiments with anti-Tn antibody, the anti-Tn antibody, a kind gift from Georg F. Springer (deceased), was directly FITC-labeled.
Platelet Spreading on VWF or Fibrinogen. Platelet spreading on immobilized VWF or fibrinogen after stimulation with botrocetin and bovine thrombin was performed as previously described (3). Briefly, chamber slides with microtiter wells (Nalge Nunc) were coated with 10 μg/mL purified VWF or 30 μg/mL fibrinogen (Haematologic Technologies). Washed platelets (1 × 10 7 /mL) in modified Tyrode's buffer were stimulated with 1 μg/mL botrocetin, or 0.01 U/mL bovine thrombin and allowed to adhere and spread on VWF or fibrinogen-coated wells, at 37°C for 90 min. The chamber slides were washed three times with PBS, cells were fixed, permeabilized, and stained with fluorescein-labeled phalloidin (Invitrogen) (4).
Transmission Electron Microscopy and Scanning Electron Microscopy.
For transmission electron microscopy examination of platelets, washed murine platelets as described in Materials and Methods were resuspended in modified Tyrode's buffer. Platelets were fixed overnight in 2.5% (vol/vol) glutaraldehyde in 0. /mL) in modified Tyrode's buffer were stimulated with 0.01 U/mL bovine thrombin and allowed to adhere and spread on fibrinogen-coated wells at 37°C for 30 min. The platelets were fixed in the same fixative for an additional 30 min then postfixed and dehydrated in the same manner and transferred into hexamethyldisilazane (HMDS). After air-drying of HMDS, cells on the cover glass were coated in a sputter coater with a gold target and then examined using a Topcon DS150 field emission scanning electron microscope.
Peanut Agglutinin and Helix pomatia Agglutinin Blotting. Washed platelets (1 × 10 7 /mL) were resuspended in lysis buffer and extracts were obtained by adding 1% Nonidet P-40 and centrifuged. Then the GPIIb and GPVI were immunoprecipitated with its specific monoclonal antibody, respectively. After boiling the beads, the supernatants containing immunoprecipitated GPIIb or GPVI were treated with or without neuraminidase, analyzed by SDS/PAGE and transferred to nitrocellulose membranes. Western blotting with peanut agglutinin-HRP (1 μg/mL), or biotin labeled-Helix pomatia agglutinin (1 μg/mL) (Vector Laboratories) was performed as previously described (5). In the absence of function of the molecular chaperone Cosmc, which is required for formation of active T-synthase, O-glycans on glycoproteins will not be elongated and they will express the Tn antigen, which can lead to glycoprotein misfolding, abnormal oligomerization, instability, proteolysis, loss-of-function, and abnormal recognition by glycan binding proteins (GBPs). Fig. S2 . RT-PCR of relative gene expression in platelets from three different mouse genotypes. The gene expression of GPIbα, GPIIb, GPV, GATA-1, Pf4, P-selectin, VWF, and c-mpl do not change compared with wild-type control. β-Actin is used as an internal control. See Table S2 for primer list. Table S2 . RT-PCR primers for gene expression (See Figure S2) .
Protein Gene Primer
Cosmc Cosmc (C1GALT1C1)  5′-ATC ACT ATG CTA GGC CAC ATT AGG ATT GGA-3′  5′-GGA GGT AAG AAA ACC AAT GCA TCA TTG AAA A-3′  GPIbα  GP1BA  5′-CCT GGA AGA AGC TCT GTT CCT CC-3′  5′-CAT TGG TCT GCA GGC TCG TC-3′  GPIIb  ITGA2B  5′-AGG CAG AGA AGA CTC CGG TA-3′  5′-TAC CGA ATA TCC CCG GTA AC-3′  GPV  GP5  5′-TGC CTA CGA ACC TCA CAC ACA TC-3′ 5′-GCT TAA CTT GAG CCC CAA GCA G-3′ GATA-1 GATA1 5′-AAA GAT GGA ATC CAG ACG AGG-3′ 5′-GTC AAG GCT ATT CTG TGT ACC-3′ P-selectin SELP 5′-GTG CAG AGC GGT CAA ATG C-3′ 5′-CTG AGA GCT TTC TTA GCA GAG-3′ C-mpl C-MPL 5′-CCC ACC TGG GAG AAA TGT GAA GAG-3′ 5′-CCG GTG TAG GTC TGG AAG CGA GGG-3′ Pf4 PF4 5′-CTC TTG ACA TGA GCG TCG CTG CGG-3′ 5′-CTT GAT CAC GTC CAG GCA GGT GAA-3′ VWF VWF 5′-AAT TAC AAC GGC AAC AAG GGA GAC GAC-3′ 5′-CAA GAC AGA CTT CAC TGC ATT CTT CAT CC-3′ β-Actin ACTB 5′-GTG GGC CGC TCT AGG CAC CAA-3′ 5′-CTC TTT GAT GTC ACG CAC GAT TTC-3′ Table S3 . PCR primers for mouse genotyping
Genotype Primer
Tie2-cre 5′-CAT CTG CCA CCA GCC AGC-3′ 5′-GGT CCA GCC ACC AGC TTG C-3′ Pf4-cre 5′-CCC ATA CAG CAC ACC TTT TG-3′ 5′-TGC ACA GTC AGC AGG TT-3′ Floxed Cosmc 5′-GCA ACA CAA AGA AAC CCT GGG-3′ 5′-TCG TCT TTG TTA GGG GCT TGC-3′
